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Abstract 
We present the development of a Superconducting Tunnel Junction (STJ) detector using Hafnium (Hf) as a photon 
detector which was designed to search for radiative decay of cosmic background neutrinos.  The photon energy 
spectrum from neutrino radiative decay has a sharp edge at high energy end. To detect this sharp edge, we need a 
micro-calorimeter of infrared photons with high energy resolution. We have optimized the condition of producing a 
Hf-STJ detector and observed that a Hf-STJ detector had Josephson currents which disappeared by applying a 
magnetic field. 
© 2011 Elsevier BV. Selection and/or peer-review under responsibility of the organizing committee for TIPP 2011. 
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1. Introduction 
The motivation of this detector development is to search for radiative decay of cosmic background 
neutrino. By various neutrino oscillation experiments [1-6], the mass-square differences between different 
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Fig. 1. The expected energy spectrum of photons from neutrino 
radiative decay.  
neutrinos, 'm2, were accurately measured. 'm322 and 'm212 were measured to be (2.43r0.13) h 10-3
eV2  and  (7.59+0.19/-0.21) h 10-5 eV2 , respectively [7]. However the neutrino mass itself has not been 
measured yet.  Detection of neutrino radiative decay enables us to measure a quantity independent of the 
difference between the mass-squares of different-generation neutrinos. Thus we can determine the 
neutrino mass itself from these two independent measurements, the neutrino oscillation and the neutrino 
radiative decay. 
As the neutrino lifetime is so long as to be much larger than the age of the universe, the most promising 
method is to observe the decay of the cosmic background neutrino.  Detection of this radiative decay 
means a discovery of the cosmic background neutrino predicted by standard cosmology.  In the normal 
hierarchy case where the Q3 is the heaviest neutrino, Q3decays into Q2 or Q1 as Q3o Q2 (or Q1 )+ J.  In 
the Q3 rest frame, the decay photon energy E0 is related to the neutrino masses by( m mm
į'm322m where m3 and m2 are the masses of Q3and Q2respectively.  Since the term 'm322 was 
measured by the oscillation experiments, we can determine m3 by measuring this E0. When we consider 
the m3 range of 50meV to 140meV, E0 ranges from 25meV to 10meV in the far-infrared region.  
Taking into account the redshift of the decay photon energy, the observed photon energy EJ is given by 
EJ = E0 /(1+z), where z is a redshift. As the lifetime becomes longer because the neutrino is moving away, 
the decay rate of neutrino R is given by R = 1/{W (1+z)} , where W is the neutrino lifetime at the rest frame. 
By assuming a flat universe, we obtain the following distribution of the decay photon flux dN/dSdt per 
unit solid angle and unit energy:  

































-1 -1where H0 is the Hubble constant of (74 r 4) km s  Mpc , U is a density of the cosmic background 
neutrino of 110 cm-3, : and :M / are the matter density of  (0.26 r 0.02) and the cosmological constant  
of (0.74 r 0.03) , respectively [7].  
This spectrum is smeared by the neutrino motion at 1.9K, but this effect is negligibly small.  The 
photon energy spreads due to this 
neutrino motion are 0.6% in RMS for 
the photon energy of 25meV as shown 
in Fig.1. 
   In the standard model, the heaviest 
neutrino’s lifetime is predicted to be 
1043 year for Q3 with a mass of 50meV 
[8-11]. 
  It is too long to be measured by the 
present method.  In the left-right 
symmetric model, the lifetime is 
predicted to be much shorter than in the 
standard model. The left-right 
symmetric SU(2) h  SU(2)L R h  U(1) 
model has two charged weak bosons,  or 
the left-handed weak boson WL and the 
right-handed weak boson WR which are 






n plus a quadratic 
x  m3 = 50meV and m2 = 
mixed with a mixing angle ] into two mass eigenstates W1 and W as follows [10, 11]: 2
W1 = W  cos] - WL R sin]
W2 = W  sin] + WL R cos] (2), 
The present mass limit of the right-handed weak boson WR is MR > 0.715TeV assuming ] = 0. The 
upper limit of the mixing 
angle between WL and WR is
sin] < 0.013 [7]. The lifetime 
is given as a function of m3
with  MW2 of 0.715TeV, sin]
of 0.013 and 'm322 of  (2.43 
r 0.13 ) h 10-3eV2.  For m3
of 50meV, the lifetime is 
calculated to be 1.5 h  1017
years under the above 
conditions in the left-right 
symmetric model.  The 
present lifetime limit is 
shorter than this prediction b
actor of 1h 10-5 [12, 13]. 
  We can improve the 
sensitivity of the search for 
neutrino radiative decay by 
measuring the continuous 
energy spectrum of the Cosmic 
Infrared Background (CIB).  
We fit the continuous spectrum 
with a sum of the CIB 
continuum and the neutrino 
decay photon spectrum to 
search for a sharp edge of the 
(a)
utrino decay photon spectrum. 
  To estimate the energy 
resolution requirement, we 
performed the simulation study 
of the neutrino radiative decay 
assuming 
dit ns: 
x The present CIB 
continuum is dominated by 
other sources than the 
neutrino radiative decay.  
This CIB spectrum is 
represented by a Planck 
distributio
(b) 
Fig. 2. (a) The top plot shows the photon energy spectrum for the CIB and the 
neutrino radiative decay with various energyresolution from 0% to 5 %. Red 
points show the measured values including the zodiacal foreground and blue points 
show the CIB after subtracting the zodiacal foreground. The CIB continuum is fitted 
to a function of the Planck distribution plus a quadratic function.  (b)The bottom 
plot is the negative energy derivative of the photon energy spectrum for a sum of the 
CIB and the neutrino radiative decay.  function. 
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10meV.  
17x W3 = 1.5 h 10  years 
 We simulated the CIB detection experiments with a 20cm-diameter telescope with a viewing angle of 
0.1 degrees and energy resolutions of 0 to 5 %. With 100% detection efficiency and 10 hour data-taking, 
we have the photon energy spectrum for the CIB and the neutrino radiative decays shown in Fig. 2a. The 
CIB continuum measured by COBE [14, 15] was fitted to a function of the Planck distribution plus a 
quadratic function. Then we calculated the negative energy derivative of the photon energy spectrum for a 
sum of the CIB and the neutrino radiative decay as shown in Fig. 2b. In this energy derivative plot, the 
sharp edge of the energy spectrum is identified as a clean peak. The excess is 6.7V with 2 % resolution 
and we can see the clear signal peak in the distribution if the energy resolution is less than 2%.
 We search for the neutrino radiative decay in the m3 range between 50meV and 140meV which 
corresponds to the photon energy of 25meV and 10meV with this experiment. Thus the photon energy 
range to be measured is between 5meV ( O= 250Pm ) and 35meV ( O= 35Pm ). In this photon energy 
range, the frequency of photon coming in this telescope is expected to be around 5MHz. As we will use 
400 pixels as the photon detector, the photon rate per pixel is around 12kHz. 
By this simulation study, we found that the required energy resolution is less than 2% at 25meV.  
With this resolution, we estimated 5V observation lifetime to be 2.0h 1017 years with 10-hour running of 
this telescope from the differential CIB energy spectrum including the radiative decay of the cosmic 
background neutrino for the m3 of 50meV with 'm322 of  (2.43 r 0.13 ) h 10-3eV2.
For this purpose, we need a micro-calorimeter of infrared photons with high energy resolution. We 
started the development of a Superconducting Tunnel Junction (STJ) photon detector using Hafnium as 
such a micro-calorimeter. 
In Japan, JAXA has the plans for cosmic infrared light observatory of SPICA and EXZIT [16, 17] 
which are both space telescopes on a planet orbit. We are aiming to use a developed superconducting 
photon detector in one of these projects. 
2. Basic Properties of Superconducting Tunnel Junction Detector 
The superconducting tunnel junction (STJ) photon detector has a structure of an insulator layer 
sandwiched by superconductor layers. Typical thickness of the insulator layer and the superconductor 
layer are 1 -2 nm and 300 nm, respectively.  At the superconducting tunnel junction, excited electrons 
(quasi-particles) over their energy gap go through the tunnel barrier by a tunnel effect. By measuring the 
tunnel current of quasi-particles excited by an incident particle, we can measure the energy of the particle.  
 As the number of quasi-particles excited by an incident particle is proportional to the energy of the 
incident particle, the energy resolution of the STJ detector is proportional to the square of the energy as 
given by 
(3),         7.1 FEE ' V
 where ' is the energy gap of the superconductor, E is the incident particle energy and F is the Fano factor 
which is estimated by the simulation of production of quasi-particles and phononswhich are the 
quantized oscillations of the crystal lattice.  Fano factor for Niobium 
was estimated to be 0.2 [18].  The critical temperature and the energy 
gap for Nb, Al and Hf are summarized in Table1.  From this table, 
we can expect the energy resolution of STJ detector using Hafnium to 
be 1.7% for incident particle energy of 25meV.  It satisfies our 
requirement for a micro-calorimeter of far-infrared photon from 
neutrino radiative decay. So far many test results on Nb-STJ, Ta-STJ 
and Nb/Al-STJ have been reported [19-23] but no paper on Hf-STJ has 
Table 1. Critical  temperature and 
energy gap.  
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absorbed in the upper layer and the lower layer.  
been reported. 
As basic properties of STJ detector, we measure the current-voltage curve ( I-V curve ) as shown in Fig. 
3. From this I-V curve, we obtain the information of  the superconducting phase transition, the Josephson 
junction, the energy gap', the critical current I  and the leakage current as a dynamic resistance Rc d which 
is a slope in the voltage region of |V| < 2'/e . Josephson current disappears after applying the magnetic 
field parallel to the insulator plane. We use the STJ as a micro-calorimeter after applying this magnetic 
field.
Fig.3. Typical I-V curve of STJ. (a) Left plot shows the Josephson current at V = 0.  The magnitude of the Josephson 
current is the critical current Ic. The current starts increasing rapidly at V = 2'/e.  (b) When applying a magnetic field 
parallel to the insulator plane, Josephson current disappears. The leakage current is characterized as a dynamic resistance Rd
in the voltage range of |V| < 2'/e.  
(a) (b) 
With a magnetic field
As Nb/Al-STJ has been established to work as a good micro-calorimeter [21-23], we made a Nb/Al-
STJ detector which has a sandwich structure of Nb, Al and tunnel barrier layers as shown in Fig. 4 to 
detect STJ signals from X-ray as one of basic properties.  The tunnel barrier layer is a 1-2 nm-thick Al2O3
layer.
We observed Nb/Al-STJ signals from 5.9 keV X-ray photon with 55Fe source as shown in Fig. 5a. The 
signal after a preamplifier has a short rise time, and the signal width after a preamplifier and a shaper is 
around 10 Psec.  The ADC output distribution is shown in Fig. 5b. Double peak comes from the X rays 
Fig. 4. The structure of Nb/Al - STJ detector.  
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. (a) 5.9 keV X-ray signal  of  Nb/Al -STJ detector..Fig. 5
s
 The top signal is after a preamplifier and the bottom 
ignal is after a preamplifier and a shaper.   (b) Pulse height distributions of the 5.9 keV X-ray signals. 
Fig. 6. The structure of Hf- STJ detector.  
r using Hafnium
shown in Fig. 7. The distortion 
force is proportional to the 
distortion of the Hf layer. We found that 
the best condition for making a flat Hf 
layer was 2.0 Pa in pressure and 70W
in power. 
Next we optimized the Hafnium oxidation condition. We made the HfO2 layer under the various 
conditions of pressure and oxidation period. Then we measured the thickness of HfO2 layer with 
Transmission Electron Microscope (TEM) and checked the oxygen contents in the HfO2 layer with 
Energy Dispersive X-ray Spectroscopy (EDX). Figure 8 shows a TEM picture of the Hf-STJ detector 
made with an oxidation condition of 5Torr and 12 minutes. We confirmed that we made 1.3 nm-thick 
HfO2 layer under this condition.  
3. Superconducting Tunnel Junction Photon Detecto
Hf-STJ was made in a 5mm 
x 5mm board. The chip sizes are 
50, 100 and 200 Pm as shown in 
Fig. 6. The insulator is 1-2 nm-
thick Hafnium-oxide ( HfO2 ).  
At the first stage of 
development, we optimized the 
condition of making the Hf layer 
flat to achieve the superconductivity 
of the Hf layer.  We measured the 
distortion pressure as a function of 
the voltage of the DC sputtering 
machine for various pressures as 
(a) (b) 
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Then we tested twenty Hf-
STJ detector samples made with 
various oxidation conditions to 
check if they work as Hf-STJ 
detector. The Hf-STJ pixel size of 
these samples was 200 Pm x 200 
Pm. We used a He3/He4
Fig. 7. Distortion force as a function of the voltage of the DC sputtering machine 
for various pressures. 
Fig. 8. TEM picture of  the HfO2 layer. 
Fig. 9.  Current-Voltage curve of the Hf-STJ before (a) and after (b) applying  a 
magnetic field of 2 Gauss. 
 dilution 
refrigerator for this test of the Hf-
STJ detector. We started the 
operation of the refrigerator in 2008 
and achieved 49mK. Using this 
refrigerator, we studied the basic 
properties of the Hf-STJ samples 
with oxidation conditions of 5 to 50
Torr and 12 to 60 minutes. When 
making these samples, we did not 
use Nb signal lines but extracted the 
signal directly through wires bonded 
on the Hf-layers by a wire-bonding 
because we had a trouble in making 
electrical contact between the Hf layer 
and Nb signal lines. Out of 20 samples, 
two Hf-STJ detector samples made 
with oxidation condition of 10Torr
and 60 minutes, and 50 Torr and 60 
minutes have shown STJ 
characteristics in the I-V curve.  The I-
V curve showed a Josephson current 
which disappeared after applying a 
magnetic field of 2 gauss 
parallel to the insulator plane 
as shown in Fig. 9. Critical 
temperature was found to be 
about 120 mK, critical 
current was 24 PA, and 
dynamic resistance was 1 :
We had a large leakage 
current and a large noise. We 
need to reduce the large 
leakage current and the large 
noise. This is the first 
observation of the Josephson 
current of  the Hf-STJ.   
(a)
(b) 
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4. Summary 
A Superconducting Tunnel Junction (STJ) detector using Hafnium as a photon detector was 
developed to search for radiative decay of cosmic background neutrinos.  To detect this decay, we need a 
micro-calorimeter of far-infrared photons with high energy resolution. We have optimized the condition 
of producing a Hf-STJ detector and observed that a Hf-STJ detector had Josephson currents which 
disappeared by applying a magnetic field.
We are now planning to look at signals from visible photon and infrared photon, using the low 
noise preamplifier which will work at low temperature around 4 K as a next step.  
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